Abstract : The movement towards higher power automotive electrical systems has spurred research into low-cost alternators capable of operating over a wide constant power speed range. A promising candidate for this application is a specially designed interior PM machine operating in uncontrolled generation. This paper investigates the modelling and performance of interior PM machines in uncontrolled generation. The hysteresis effect in the machine stator current is experimentally demonstrated and the concept of the voltage-current locus is introduced to explain this. The effect of non-idealities such as magnetic saturation and stator resistance are also examined, to achieve a more accurate steady-state and dynamic modelling of the machine behaviour. The predictions of these models are tested against experimental results.
I. INTRODUCTION

A. Background
Automotive manufacturers are currently looking into lowcost high power alternators with wide constant power speed ranges of up to 10:1 in order to satisfy the projected needs of next-generation vehicles [1] .
A promising means for implementing such an alternator is to use an interior permanent magnet (PM) machine operating under uncontrolled generation (UCG), using a switched-mode rectifier to regulate the output voltage.
Preliminary experimental results were shown earlier using a specially designed high flux interior PM alternator [2] . This work highlighted the need for a more detailed study of the behaviour of interior PM machines under UCG operation.
B. Uncontrolled Generation
Uncontrolled generation was originally investigated as a fault mode in inverter-driven PM motors (see Fig. 1a ). It occurs if the gating signals to the inverter switches are removed when the motor is operating at high speeds where the induced back-EMF exceeds the DC link voltage. Under this condition, the inverter freewheeling diodes act as an uncontrolled rectifier (see Fig. 1b ) and the machine generates power into the DC link. This is undesirable due to the potentially large resultant currents, which can cause the DC bus voltage to rise to undesirably high levels if the DC bus is unable to absorb the regenerated power.
Adnanes et al. [3] performed some initial analysis of UCG operation of interior PM machines using a time-stepping simulation.
Jahns et al. [4] analysed the steady-state modelling of UCG operation of interior PM machines. It was shown that machines with saliency ratios of greater than 2 will exhibit an interesting hysteresis band in the stator current versus speed characteristic. They also investigated the effect of saturation and showed the hysteresis using a time-stepping simulation. a) b) Fig. 1 . a) Inverter operation -inverter switches are controlled to drive the machine and b) Uncontrolled generation -with switches disabled at high speed, the machine generates power into the DC voltage source
In this paper, the hysteresis effect predicted in [4] is experimentally demonstrated. In addition, the theoretical basis of the hysteresis is examined using the concept of voltage versus current loci. The steady-state UCG model is extended to take into account stator resistance and magnetic saturation and the model predictions are compared with experimental data taken from two interior PM machines. A dynamic model [5] is used to predict transient waveforms and other transient effects present in the interior PM machine during UCG operation.
II. HYSTERESIS IN THEORY
A. Voltage-Current Loci of Interior PM Machines
During UCG operation it can be shown that to a first approximation, the voltage source load in Fig. 2a could be approximated by a resistive load (see Fig. 2b ), or simplified even further by treating the rectifier and voltage source as a three-phase resistive load (see Fig. 2c ) [6] . It is helpful to consider the voltage versus current characteristics (VI loci) of an interior PM machine operating with a purely resistive load. For example, at a saliency ratio of 6, which is close to that of the multiple-barrier machine described later in this paper, the voltage overshoot is about 30% greater than the opencircuit voltage.
B. Hysteresis Effect During UCG
As the speed increases, both the induced back-EMF and the reactances of an interior PM machine increase. This results in a linearly increasing open-circuit voltage but a constant short-circuit current (neglecting resistance) as shown in the left graph of Fig. 5 . As the speed is decreased, conduction only ceases when no part of the VI locus intersects with the DC link voltage line. Thus decreasing the speed below ω 3 does not immediately stop the current from flowing but instead shifts the operating point along the overshoot portion of the VI locus, where the peak machine output voltage is still higher than the DC link voltage but the current is reduced. At ω 2 the peak machine output voltage equals the DC link voltage (E) and decreasing the speed below this causes conduction to cease.
From this examination it is clear that the hysteresis in the UCG stator current is caused by voltage overshoot in the VI locus of the interior PM machine and that the width of the hysteresis loop is proportional to the amount of overshoot. The amount of overshoot is in turn determined by the saliency of the machine as shown in Fig. 4 .
III. UCG MODELLING
A. Steady-State UCG Model
The model developed by Jahns assumed that the IPM machine phase currents are sinusoidal and free of harmonics during UCG operation and that the rectifier forces the phase currents to be strictly in opposition with the phase voltages. Thus the three-phase rectifier and voltage source load (see Fig. 2a ) could be approximated by a three-phase resistive load (see Fig. 2c ). The stator resistance was also assumed to be negligible which is a good assumption at high speeds where UCG normally occurs.
The steady-state model used in this paper retains the main assumptions of Jahns' model but incorporates the effects of stator resistance and magnetic saturation.
B. Simulink Dynamic d/q-Axis Model
The dynamic model used is based on the model developed in [5] , which takes into account magnetic saturation and stator resistance. The IPM machine was modelled by the differential equations defining the axis currents of the dq model : 
The model parameters which characterize the machine are the magnet flux-linkage, Ψ mag and the d-axis L d and q-axis L q inductance saturation curves (see Fig. 7 ), which have been fitted to the actual inductance measurements.
It was found that magnetic saturation in the d-axis has a pronounced effect on the magnitude of the phase currents at low speeds in the multiple-barrier machine and was important to take into account.
IV. MACHINE DETAILS AND EXPERIMENTAL SETUP
Two machines were studied : a multiple-barrier interior PM concept demonstrator machine as described in [2] and an axially-laminated interior PM machine [7] . The multiplebarrier machine has a rotor consisting of radial laminations embedded with rare-earth (NdFeB) magnets while the axially-laminated rotor uses flexible ferrite magnets (see Fig.  6 ). Both rotors used the same 2.2kW, 4 pole induction motor stator which was rated at 415V, 4.8A. The machine parameters and inductance curves are shown in Table 1 and Fig. 7 . Note that the multiple-barrier machine is capable of a maximum power of nearly 7kW under UCG operation. The test machines were driven by two 5kW, 1,500rpm DC machines through a belt drive with an adjustable gear ratio, delivering a maximum speed of 6,000rpm (see Fig. 8 ). The speed was controlled by varying the DC supply to the DC machines and the reaction torque on the test machine stator was measured using a load cell. The windings of the test machine could be connected to a three-phase rectifier and/or load banks as necessary for each test. For tests involving a DC voltage source load which was required to absorb power, this was simulated using a DC power supply, protective diode and load bank. 
V. VOLTAGE-CURRENT LOCI
A. Short-Circuit Test
Short-circuit tests were performed to verify that the steadystate behaviour of the model agreed with the experimental results. These tests were carried out by driving the test machine with the machine's three-phase windings shorted. In this test (see Fig. 9 and Fig. 10 ), the short-circuit current rises monotonically with speed until it reaches a maximum value of Ψ mag /L d . The torque reaches a maximum at a low speed then gradually decreases with increasing speed.
The model used the measured inductance saturation curves shown in Fig. 7 . A good match with the experimental data for the multiple-barrier machine was obtained (see Fig. 9 ). The measured torque results for the axially-laminated machine were slightly larger than the predicted values (see Fig. 10 ). This may be due to the effect of iron losses being more noticeable in this machine due to the lower input torque. 
B. Effect of Stator Resistance and Saturation on the VI Locus
To investigate the steady-state equivalent circuit model of UCG, the test machines were run at a constant speed of 1500rpm into a three-phase resistive load (see Fig. 2c ). The load resistance was varied and a plot of stator current versus line voltage was obtained. Fig. 11 shows the measured and predicted VI loci for the multiple-barrier machine while operating into the three-phase resistive load. The ideal model prediction shown does not take into account stator resistance or magnetic saturation and shows about 30% voltage overshoot. The effect of stator resistance alone reduces the overshoot from 30% to 22%, whereas the effect of magnetic saturation alone reduces the overshoot from 30% to 14%. Thus for this machine at this speed, the magnetic saturation plays a larger part than stator resistance in reducing the overshoot. The combination of these two effects acts to reduce the overshoot from 30% to a mere 7%, and the resultant curve matches well with the measured results.
For the axially-laminated machine the maximum q-axis current reached at 1500rpm with any value of the load resistance is about 0.5A. Referring to Fig. 7 , this current is still in the unsaturated region of L q , so magnetic saturation can be neglected (see Fig. 12 ). The decrease in the stator current due to resistance is more noticeable than in the multiple-barrier machine, however the reduction of overshoot from 56% greater than the open-circuit voltage to 40% is less dramatic. 
C. Voltage-Current and Voltage-Power Loci with Rectifier and Resistive Load
The test machines were run at 1800, 3000 and 6000rpm into a three-phase rectifier and resistive load (see Fig. 2b ) and current versus voltage measurements recorded while the load resistance was varied. AC measurements were taken at the machine windings and DC measurements were taken across the resistive load. The DC measurements should give a better indication of the output power delivered to the voltage source load during UCG. The calculated DC voltage and current curves were obtained by scaling the calculated AC voltage and current curves by the factors 1.355 for current (theoretical ratio of rectified DC to the rms AC phase current) and 1.283 for voltage [4, 6] . Fig. 13 shows the measured voltage-current and voltagepower loci together with the steady-state model predictions for the multiple-barrier machine. The AC results match reasonably well with the predicted curves although the current obtained is slightly less than predicted. There is a significant discrepancy, however, in the DC output current and power curves (see Fig. 14) at lower values of current corresponding to the voltage overshoot region. This may be due to the discontinuous current waveforms in this region (see section VI). The result is the reduction of the measured overshoot for the multiple-barrier machine at 1500rpm from 10% greater than the open-circuit voltage for the AC curves to about 1% for the DC curves.
The multiple-barrier machine results show that at higher speeds the output power is almost linearly related to output voltage and nearly independent of speed. They also show that at rated voltage (415V) that the machine is capable of producing close to 6kW of output power at 6,000rpm.
The results for the axially-laminated machine ( Fig. 15 and Fig. 16 ) exhibit the same trends found in the multiple-barrier machine results. The higher than predicted open-circuit voltage means that the machine will start conducting at a lower speed than predicted, while the lower maximum overshoot voltage means that the machine will stop conducting at a higher speed than predicted. Together, these effects result in a reduction of overshoot from 39% to 23%. 
VI. UCG PERFORMANCE
A. UCG Stator Current Results
Tests were run with a voltage source load, configured as described in section IV. The stator current was measured as the machine speed was increased slowly from standstill up to 1500 rpm, and then decreased until current stopped flowing.
Referring to the VI loci in Fig. 17 , the open-circuit voltage increases with machine speed but the short-circuit stator current generally stays constant. The exception is at low speeds, where the stator reactance of the machine is small enough that the resistance dominates, causing the VI locus of the machine to resemble that of a DC machine (see Fig. 3 ). The vertical line overlaid on the VI loci represents the DC voltage source load of 110V, referred to the machine.
No hysteresis was observed in the multiple-barrier machine because where conduction starts, at around 480 rpm, there is virtually no voltage overshoot in the VI locus. However, the axially-laminated machine, operating into a 40V DC voltage source load, exhibited 15% hysteresis (see Fig. 18 ). This is considerably smaller than the steady-state prediction of 25%, but close to the dynamic model prediction of 18%. The dynamic model provides a closer match with the starting and ending points of conduction (see Fig. 19 ). This may be due to the three-phase rectifier, which at low speeds causes the stator currents to be discontinuous. This effect is not taken into account by the steady-state model. Fig. 18 
B. UCG Hysteresis Band as a Function of DC Link Voltage
Previous results have shown how the interior PM machine VI locus scales with machine speed. Fig. 20 shows the equivalent rectified DC voltage as a function of speed, produced by each machine at open-circuit and at maximum output voltage. From this, the amount of hysteresis obtained with a particular DC link voltage can be predicted (see Fig.  21 ). At a given speed, the dynamic model predicts a lower value of hysteresis band than the steady-state model for the axially-laminated machine but a larger value of hysteresis band for the multiple-barrier machine. The reason for this requires more investigation.
The experimental results for the axially-laminated machine show a good correspondence with the predictions for the DC link voltage where hysteresis starts to appear, however the measured rate of increase of the hysteresis band is much smaller than even the dynamic model predictions. Test equipment and time limitations unfortunately limited the testing of the multiple-barrier machine to a single DC link voltage (110V) which was below the threshold for the onset of hysteresis. Fig. 22 compares the measured multiple-barrier machine's stator current and voltage waveforms with the dynamic model predictions at various speeds. At high speed (1500 rpm) where the back-emf voltage is much higher than the output voltage, the stator current is sinusoidal while the stator line voltage is similar to that from a six-step inverter. As the speed is reduced the back-emf becomes comparable to the output voltage. The current waveform then becomes discontinuous and the stator voltage waveform transitions becomes less steep. The dynamic model performs well in predicting the voltage and current waveforms, even at the start of conduction (482rpm). The low amplitude, high frequency oscillations in the prediction at 482rpm is an artefact of the simulation process. At 504rpm, the predicted current waveform has a slightly smaller magnitude than the measured waveform. This is due to the high sensitivity of the dynamic model to errors in the inductance curve fit, particularly for the current found at this speed, where the slope of the d-axis inductance is steep. Fig. 23 shows the maximum generating power of the multiple-barrier machine while operating under uncontrolled generation using a switched-mode rectifier as described in [8] . The high power automotive alternator output specification of 4kW and 6kW at engine speeds of 600rpm and 6,000 rpm respectively is also shown (note that the alternator speed = engine speed x 3:1 belt ratio). Experimental results were only measured up to 6,000rpm due to the limitations of the dynamometer, though the prototype rotor had an estimated failure speed of 10-15krpm. The measured results match well with the steady-state model predictions. The machine achieves about 6.6kW at 6,000rpm. These initial results show promise for the use of UCG to achieve a wide constant power speed range in interior PM alternators.
C. UCG Current Waveforms
VII. CONCLUSIONS
This paper has investigated the modelling and performance of interior PM machines under uncontrolled generation (UCG) operation. The main findings of the paper are :
• The output voltage versus current locus of high saliency interior PM machines with a three-phase resistive load show a voltage overshoot effect where the output voltage under load is greater than the opencircuit voltage.
• This voltage overshoot is responsible for the hysteresis in the UCG stator current versus speed characteristic and the width of the hysteresis band is proportional to the voltage overshoot.
• Magnetic saturation and stator resistance reduce the voltage overshoot and hence the hysteresis. The effect of stator resistance is particularly pronounced at low speeds, but is small at high speeds.
• Experimental results were given for two high saliency interior PM machines, showing UCG operation with hysteresis and without hysteresis.
• The steady-state model including magnetic saturation and stator resistance, was found to give a good correspondence with the experimental results.
• The dynamic model was found to accurately predict the stator voltage and current waveforms even under discontinuous current operation. 
